Silent electrocardiographic ST change predicts future coronary events in patients with coronary heart disease (CHD), but the prognostic significance of asymptomatic ST-segment depression with respect to sudden cardiac death in subjects without apparent CHD is not well known.
Introduction
It is known that coronary heart disease (CHD) may develop during the decades without typical symptoms and thus early recognization of vulnerable CHD would be very difficult. Clinical studies have been largely unsuccessful in identifying specific markers of sudden cardiac death risk in the general population. 1, 2 Although the fundamental role of CHD as an underlying cause has been described, the prediction of sudden cardiac death in population has been difficult. The common cardiovascular risk factors and some other risk markers play a role in the aetiology of sudden cardiac death. 2 However, in asymptomatic population, many of these markers may be uncommon findings. Accordingly, one of the most vexing issues remains the early identification of individuals at highest risk, especially subset of patients with sudden cardiac death without overt signs, symptoms or previous evidence of heart disease. It is suggested that exercise testing may be recommended among those with the presence of at least one conventional risk factor. 3 -5 Careful selection of the population for the finding of exercise-induced silent ischaemia is necessary to achieve its maximal clinical utility. Exercise-induced myocardial ischaemia is known to increase the risk of future coronary events not only in patients with CHD 6, 7 but also in individuals with no previously diagnosed CHD. 5, 8 However, there is lack of data on the prognostic importance of silent ischaemic ST-changes in totally asymptomatic subjects without history of CHD, although it is proposed that silent ischaemia negatively affects prognosis. 9, 10 Some studies 11, 12 have indicated that symptomatic ischaemia is a stronger risk factor for future CHD events, whereas other studies 7, 13, 14 have suggested that asymptomatic ST-change has a similar prognostic value in these patients. There are no data showing that painless ischaemic ST-change during and after exercise would have prognostic significance with regard to the risk of sudden cardiac death in persons without evident CHD. The likelihood to detect myocardial ischaemia by exercise testing is known to increase with increasing pre-test probability of CHD. 8,15 -17 Nonetheless, little is known if asymptomatic ST-depression may be related to the risk of sudden cardiac death in high-risk individuals. We therefore investigated the prognostic significance of asymptomatic ST-depression during and after exercise with regard to the risk of sudden cardiac death in a population-based sample of middle-aged men without evident CHD.
Methods Subjects
This study was designed to investigate risk factors for CHD in a population-based sample of men from eastern Finland. Subjects were randomly selected sample of 3433 men aged 42 -60 years, who resided in the town of Kuoio or its surrounding rural communities, 198 were excluded because of death, serious disease, or migration. Of the remainder, 2682 (83%) participated in the study. Baseline examinations were conducted between March 1984 and December 1989. Men who had symptoms suggestive of prevalent CHD at the baseline (n ¼ 888) and for whom exercise stress test was not performed due to severe cardiovascular disease (n ¼ 25) were excluded from the study. Prevalent CHD was defined as either a history of myocardial infarction or angina pectoris, angina pectoris on effort, the use of nitroglycerin for chest pain once a week or more frequently, or chest pain as a cause of stopping exercise stress test at baseline. Thus, the present study is based on 1769 men who had completed data on electrocardiographic recordings during and after exercise.
Exercise electrocardiography
A maximal symptom-limited exercise stress test was performed using an electrically braked bicycle ergometer between 8:00 and 12:00 A.M. Maximal oxygen uptake was measured directly using a respiratory gas analyser, as explained previously. 18 Also, heart rate and blood pressure were registered during the exercise test.
Electrocardiography was recorded continuously with the Kone 620 electrocardiograph (Kone, Turku, Finland). Electrocardiography was printed every 30 s intervals during exercise and at least 5 min of recovery while the subject was sitting on the bicycle. Asymptomatic ST-depression during exercise and after 5 min of recovery was defined as ischaemia in the electrocardiography without typical chest pain indicating CHD. The criteria for ischaemia in electrocardiography during exercise and recovery were horizontal or down-sloping ST-depression 1.0 mm at 80 ms after J point or any ST depression of more than 1.0 mm at 80 ms after J point. 5 
Assessment of other risk factors
The collection of blood specimens 19 The sources of information were interviews, hospital documents, death certificates, autopsy reports, and medico-legal reports. The diagnostic classification of coronary events was based on symptoms, electrocardiographic findings, cardiac enzyme elevations, autopsy findings (80%), and history of CHD. The assessment of outcomes was blinded to the results of the exercise test. Sudden cardiac death was defined as sudden unexpected arrest of presumed cardiac origin without traumatic nature of death. The arrest should have occurred within 24 h after onset of any symptoms that could retrospectively be interpreted as being cardiac origin. Sudden death was defined as natural death occurring within 24 h onset of symptoms. Deaths that were occurred unwitnessed during the night-time, such as being found dead in bed, were classified as those whose death occurred 24 h from the symptoms. The deaths like aortic aneurysm rupture, cardiac rupture or tamponade, and pulmonary embolism were not included as sudden cardiac death.
Statistical methods
Differences in baseline variable between men with and without asymptomatic ST-depression during exercise were analysed using Student's t-test and the x 2 test. Cox proportional-hazard regression model was used to examine the association between asymptomatic ST-depression and the risk of sudden cardiac death. Forced Cox proportional-hazards models were adjusted for age and other risk factors, which were selected on the basis of their previously established role as a welldefined predictive factor on the basis of overall evidence and available data. Thus, risk factors or covariates were chosen based on their clinical relevance. If possible, confounding factors were entered uncategorized into the Cox models. The proportional hazards assumption was verified for all variables by inspection of the plots of Schoenfeld residual for covariates. The linearity assumption was satisfied for all continuous variables, and it was assessed with Martingale residuals for each continuous variable against survival time (or time to event). The cumulative incidence of sudden cardiac death by the presence of asymptomatic ST-segment depression was calculated using the Kaplan-Meier method. The modification of the prognostic value of asymptomatic ST-depression by the major CHD risk factors was analysed by comparing smokers and non-smokers, men with high (3.9 mmol/L, median) and low (,3.9 mmol/L) serum low-density lipoprotein cholesterol and men with high (132.3 mmHg, median) and low (,132.3 mmHg) systolic blood pressure. Additionally, the interaction term was included in the Cox model when analysing the modification between asymptomatic ST-depression and risk factor of interest. All tests for statistical significance were two-sided. A value of P , 0.05 was considered significant. All statistical analyses were performed using SPSS 14.0 for Windows.
Results

Baseline characteristics
Baseline characteristics in men with and without asymptomatic ST-segment depression during exercise are shown in Table 1 . Serum low-density lipoprotein cholesterol, systolic blood pressure, and maximal heart rate were higher and body mass index was lower in men with asymptomatic ST-segment changes during exercise. Similar differences were observed in men with and without silent ST-segment changes from exercise to recovery. The most common reasons for stopping the exercise test were leg fatigue (1021 men), exhaustion (298 men), breathlessness (245 men), and pain in the leg muscles, joints, or back (77 men). The test was discontinued because of cardiorespiratory symptoms or abnormalities in 120 men. These included ventricular arrhythmias (60 men), an abnormal change in systolic or diastolic blood pressure (44 men), dizziness (9 men), or ischaemic electrocardiographic changes (over 3 mm horizontal or downsloping ST depression) (7 men). Exercise-induced ventricular conduction disorders were observed in 5 men, one of whom also had asymptomatic ST-depression during exercise but not during recovery.
Asymptomatic ST-changes during exercise testing
There were 189 (10.7%) men with asymptomatic ST-depression during exercise and 54 (3.1%) men with asymptomatic ST-changes after exercise. Painless ischaemic electrocardiographic ST-change during exercise was observed in 9.6% (n ¼ 51) of smokers, in 12.3% (n ¼ 110) of hypercholesterolaemic men, and in 12.4% (n ¼ 107) of hypertensive men. Painless ST-depression after exercise was recorded in 2.8% (n ¼ 15) of smokers, in 3.3% (n ¼ 30) of hypercholesterolaemic men, and in 4.0% (n ¼ 35) of hypertensive men.
Numbers of outcome events during follow-up
The median follow-up time to death or the end of follow-up was 18.7 years (interquartile range 17.1-20.3 years). There were 102 CHD deaths, 72 of which were due to sudden cardiac death within 24 h after onset of symptoms. A total of 63 sudden cardiac death (87.5%) occurred out-hospital conditions, and 42 (66.7%) of these deaths were due to documented ventricular tachycardia or fibrillation.
Thirteen without ischaemic ST-changes had a sudden cardiac death during follow-up. The respective numbers were eight (14.8%) out of 54 men with silent ST-depression during recovery, and 64 (3.7%) out of 1715 men without ischaemic ST-changes had a sudden cardiac death during follow-up.
Hazard ratios of sudden cardiac death in men with asymptomatic ST-depression
The strongest risk factors for sudden cardiac death were smoking, systolic blood pressure, body mass index, exercise capacity, and asymptomatic ST-depression when adjusted for other risk factors ( Table 2) .
Men with asymptomatic ST-depression during exercise had a 2.1-fold risk of sudden cardiac death and a 2.5-fold risk of CHD death compared with men without silent ischaemia after adjusting for conventional risk factors ( Table 3) . Asymptomatic STdepression was associated with a 3.2-fold risk of sudden cardiac death. The cumulative hazard curves for sudden cardiac death continued to diverge during the follow-up period ( Figure 1) . The adjusted risk of all-cause death was also increased among those with asymptomatic ST-depression during [hazard ratio (HR) 1.4, 95% confidence interval (CI) 1.0 -1.9, P ¼ 0.041] and after exercise (HR 1.5; 95% CI 1.1 -2.1; P ¼ 0.013).
Interactions of asymptomatic ST-depression with conventional coronary risk factors and type II diabetes
Asymptomatic ST-depression during exercise had a stronger association with the risk of sudden cardiac death in smokers and in hypertensive and hypercholestrolemic men than in men without such risk factors (Figure 2) . Additionally, among those with type II diabetes with the presence of asymptomatic ST-depression during exercise had very high risk of sudden cardiac death (HR 8.2; 95% CI 2.4 -28.3; P ¼ 0.001). The interaction term between asymptomatic ST-depression during exercise and type II diabetes was significant (P ¼ 0.026) as well as the interaction between asymptomatic ST-changes after exercise and smoking was significant (P ¼ 0.028) when the interaction term was included in the Cox model with the risk factors of interest. Asymptomatic ischaemic ST-changes after exercise had a strong association with the risk of sudden cardiac death with the presence of risk factors (HR 10.9, 95% CI 4.4 -27.3, P , 0.001 for smokers; HR 4.5, 95% CI 1.7 -11.8, P ¼ 0.003 for hypercholesterolaemic men; and HR 5.0, 95% CI 2.1 -11.9, P , 0.001 for hypertensive men). All of these associations were statistically non-significant in men without any conventional risk factors.
The risk related to asymptomatic ST-segment depression during exercise was increased with the presence of conventional risk factors as defined by European risk SCORE method. Men with asymptomatic ST-depression during exercise with the presence of high SCORE of at least 5% had an elevated risk of CHD death (HR 3.5, 95% CI 1.4 -8.8, P ¼ 0.010) whereas among those with asymptomatic ST-depression with SCORE result indicating low risk (,5%) had also an increased risk CHD death (HR 1.9, 95% CI 1.9 -3.3, P ¼ 0.021).
Discussion
The present prospective study demonstrates that asymptomatic ST-segment depression in electrocardiography during and after exercise predicts unexpected sudden cardiac death in middle-aged men without evident CHD. A main finding was that exercise- induced ST-depression was a strong predictor of sudden cardiac death particularly in men with an unfavourable coronary risk factor profile including smoking, hypercholesterolemia, or hypertension. Painless myocardial ischaemia is a not uncommon finding and increases the risk of future CHD death. 22, 23 Ischaemic ST-depression in the absence of pain has been more common than ST-depression with angina in daily life. 24, 25 In our study, we observed that painless ischaemic ST-depression during exercise was present in 10.7% of men. Some studies have shown that the more frequent or progressive the anginal symptoms are, the poorer the prognosis in patients with CHD. 7, 26 Other studies have indicated that symptomatic and silent ischaemic ST-changes are related to a similar prognosis in patients with documented CHD. 8, 10, 11 Therefore, as patients become increasingly selected towards a higher a priori likelihood of developing CHD, there appears to be a tendency for chest pain to lose its significance as an additional predictive factor. 26 The prognostic value of silent myocardial ischaemia, as indicated by exercise electrocardiographic findings, can vary most likely due to different selection criteria for the subjects; 7,12,17,27 some studies have included only patients with CHD, 8, 10, 11 whereas few studies have included persons without signs or symptoms suggesting CHD. 5, 17 It has been argued that the prognostic value of exercise electrocardiography is low in totally asymptomatic persons because of false-positive and -negative responders. However, in asymptomatic individuals with a high pre-test probability of CHD, e.g. in those with major coronary risk factors, the frequency of false-positive test responses for myocardial ischaemia is significantly lower than in those without coronary risk factors, which diminishes the bias associated with false-positive responders (the Bayes' rule). 12, 28 This could be one explanation for our finding that the association between silent myocardial ischaemia with sudden cardiac death was stronger in high-risk groups. It is not well known if ST-depression immediately after exercise would have an adverse prognostic value with regard to cardiac death in asymptomatic men. 29 -32 We found that asymptomatic electrocardiographic findings that prolonged or developed during recovery were associated with increased risk of sudden cardiac death. Interestingly, painless ST-depression during recovery was even more strongly related to sudden cardiac death than silent myocardial ischaemia during exercise. This suggests that asymptomatic ST-segment depression during post-exercise period could be of pivotal clinical importance, and the prognostic value of exercise testing can be improved by assessing ischaemic electrocardiographic changes during recovery. It has been suggested that risk assessment for primary CHD is enhanced by detection of abnormal exercise electrocardiographic findings only in those who had one or more conventional risk factor. 12 In the present study, men with asymptomatic ST-depression during exercise testing had a substantially increased risk of sudden cardiac death, especially if they had any conventional risk factor. The risk was very high among men with silent ischaemic ST-change during recovery and in the presence of any of these risk factors. The finding was particularly evident among smokers. Some previous studies have suggested that silent myocardial ischaemia is a pathophysiological mechanism through which exercise increases the occurrence of sudden cardiac death. 15, 16, 33 One explanation for this could be that painless ischaemia increases the susceptibility to sudden plaque rupture, myocardial infarction, left ventricular dysfunction, and ultimately fatal ventricular arrhythmias. 34 In our study, most of the men had documented ventricular tachycardia or fibrillation before the onset of sudden cardiac death, although the definition of ventricular arrhythmias is impossible for all out-hospitalized patients dying suddenly. The transient impairment of coronary flow during and after exercise may be caused by dynamic coronary stenosis as a result of epicardial coronary constriction, endothelial dysfunction, spasm, and thrombosis. 24, 25 Such brief episodes may be painless because the stimulus is either inadequate or the pain usually appears quite late after the onset of ischaemia. 23, 26 Furthermore, ischaemic ST-depression during recovery may be due to elevated levels of plasma catecholamines during the post-exercise period, which could enhance myocardial oxygen demand and fatal cardiac arrhythmias. 31, 35, 36 One of the explanations for the stronger associations between asymptomatic ischaemic ST-depression and sudden cardiac death risk in men with conventional risk factors may be that ST-depression is more likely due to true ischaemia in these men than in those with no risk factors. Better quality of electrocardiographic recording after exercise may be one explanation for the strong association of asymptomatic ST-depression after exercise with sudden cardiac death. The use of a smaller ST-depression tends to attenuate the specificity of the ischaemic findings since also other factors than myocardial ischaemia, such as hyperventilation, electrolyte abnormalities, anaemia, ventricular hypertrophy, and increased sympathetic activity are known to cause ST-depression. 17 One limitation of the present study is that we were able to study only men, and thus our findings may be not generalized to female populations. On the other hand, according to our study, a total of 87.5% of all sudden cardiac events (63 deaths) occurred out of hospital that makes the registration of asymptomatic ST-changes in the prediction of sudden cardiac death highly valuable. Despite recent advances in technology, survival from out-of-hospital sudden cardiac death remains low throughout the word at about 5%. 37 On the basis of our results we suggest that exercise testing provides a possibility to detect those high-risk patients by using widely known non-invasive methods and the knowledge of common risk factors. The big question is that should we test all individuals with coronary risk factors who undergo exercise testing or only those asymptomatic men with high-risk occupation and those who start exercise training programme? Although the prognostic capability of screening exercise testing is established, its clinical value for improving long-term outcome is not well documented.
9 Figure 2 The hazard ratios (95% confidence intervals) of sudden cardiac death in men with asymptomatic ST-depression during exercise according to conventional risk factor levels. Men without ischaemic ST-change during exercise was a reference group. Cut-off for systolic blood pressure was 132 mmHg and for serum LDL-cholesterol 3.9 mmol/L. All hazard ratios are adjusted for age, alcohol consumption, body mass index, maximal oxygen uptake, diabetes, cigarette smoking, systolic blood pressure, C-reactive protein, and serum low-and highdensity lipoprotein cholesterol, except the risk factor of interest.
Asymptomatic ST-segment depression during exercise testing and the risk of SCD However, studies have demonstrated impressive incremental relative hazards for the synergistic combination of the standard exercise test and risk factors. 38, 39 If screening could be performed in a logical way to decide therapies, then the results should be applied to preventive medicine policy. Evidence suggests that subjects at highest risk of severe myocardial ischaemia, even in the absence of symptoms, derive the greatest benefit from an aggressive diagnostic and therapeutic approach. It is suggested that anti-ischaemic drug therapy and aspirin among patients without CHD history but silent exercise ST-depression can be recommended. 40 Secondly, a latest clinical trial suggests that optimal medical therapy combined with healthy life-style changes is useful a strategy as compared with invasive treatment in stable coronary artery disease. 41 However, among patients with recent myocardial infarction and obstructive coronary artery disease, invasive therapy may me better than antiischaemic drug therapy reducing the long-term risk of major cardiac events. 42 Finally, all risk factors should be carefully controlled and treated among those with documented silent ischaemic ST-changes. Asymptomatic exercise-induced ST-segment depression was a common finding in middle-aged men with no prior CHD, and it was associated with greatly increased risk of sudden cardiac death, especially in smokers, hypercholesterolaemic and hypertensive men. The main clinical implication of our findings is that painless ischaemic ST-depression defined by exercise electrocardiography is of significant prognostic marker for sudden cardiac death when any conventional risk factors are present. This community-based study emphasizes the usefulness of identifying high-risk persons by exercise testing in greatest need of preventive measures.
